INTRODUCTION
A substantial portion of the hardwood I umher industry is devoted to the processing of I umher into secondary wood products Qike furniture parts). Hardwood boards are typically remanufactured into smaller parts by a series of rip and cross cuts with no consideration of parts placement or the location of defective areas. These cuts yield pieces, in accordance with the manufacturers cutting bill, that are free of defective area. The entire process is Iabor intensive and results in a substantialloss ofvaluable lumber. With traditional ganglrip methods yields of 50% are considered to be very good. These Iosses increase with op,erator fatigue and inexperience.
One system, directed towards overcoming these problems, is the Automated Lumber Processing System (ALPS) proposed by McMillin et al. [1] . The system as originally proposed is shown in Figure 1 .
There are two primary advantages of ALPS. First, the use of Iasers for cutting allows any shaped cutting to be effectively punched out. Second, the use of computers ensures a consistently high yield. Secondary benefits like reduced kerf loss (the Iaser requires a kerf of less than 1/16") further add to the n Scanning system t1 ..
Board ize and defect information
Graded lumber "'"" I .,. ... A prototype ALPSsystem was created at Michigan State [6] which successfully demonstrated the ALPS concept. With this successful demonstration, an industrial prototype of the ALPS system was created for testing in the industrial environment. This system consists of five major sections. These include: Overall, the machine is controlled by a 90 MHz dual Pentium personal computer. The main control program runs under Windows NT providing an easy to use user interface and an informative display of machine operation. In addition, a user console typical of many industrial machines is supplied and controlled by the personal computer.
INFEED CONVEYOR
The infeed conveyor of the industrial ALPS prototype appears as shown in Figure 2 . It consists of a chain driven conveyor which moves lumber into position for the scanning system. It handles boards up to 16 feet long, up to 14 inches in width, and will hold up to five boards in queue. As boards are moved into the scanning area, they are flipped on edge to allow scanning of both sides of the Iumb er by the scanning system.
SCANNING SYSTEM
The ALPS Scanning System captures video images of the board and processes the images to produce a description of the board including the size and the expansellocation of defective areas. The Scanning System is shown in Figure 3 .
Scanning of the I umher is accomplished using two black and white video cameras which are used to capture images of each side of the board at a resolution of 768 by 576 pixels. Four strobe lights (2 per side) provide illumination. Once the board is in a vertical position, the cameras are moved into position to capture images of both sides of the board. Once the images are captured, the cameras are moved to the next twelve inch section to be captured. While the cameras are moved, the images from the previous section are processed by the vision algorithms. The problern of identifying defective areas of wood in hardwood lumber is very complex due to the presence of grain in the wood and the variability of the overall tone and texture of hardwood across species and even in the same species. Previous attempts [7, 8] towards a vision system for ALPS, have employed a controlled environment to minimize these effects. A board is.viewed as several small disjoint rectangles and statistical measures (such as tone and texture of wood) are then used to classify each of these disjoint rectangles into one ofthe categories viz. clear wood, hole, wane etc. [7, 8] .
Although the problern of identifying defective areas is complex, the ALPS system uses a simple assumption to make the problern much more tractable in the amount of time allowed for processing of the data. This assumption is that defective areas of lumber tend to be darker then clear areas and, in almost all cases, this is correct. Therefore to separate defective areas from clear wood, choosing a proper threshold for classification is all that is required. Every pixel in the image can then be classified as defective or clear by comparing the grayscale value with the threshold. To account for the variability in tone and texture of the wood, the threshold is dynamically calculated based on a histogram of the image. A typical processed image is shown in Figure 4 with the defective areas marked.
Once the entire board is scanned, a computer description of the board (size, defect location, defect expanse) is passed to the Parts Packing/Path Planning part of ALPS. Figure 5 shows a scanned board. Note that all defects are described as rectangles to simplify the packing of parts from the manufacturer's cutting bill. 
PARTS PACKING/PATH PLANNING
Once the dimensions of the board, and the locationlexpanse of the defects are known, the Parts Packing algorithms are invoked to pack pieces from the manufacturer's cutting bill into the clear areas on the board. In actuality, multiple, heuristic packing strategies are employed to find the parts packing that produces the highest yield. In addition, the algorithms use a dynamic priority for selection of pieces that helps to maintain an even mix of pieces as lumber is processed. Without the dynamic priority, the smaller pieces would tend to be used first leaving only large pieces to be packed into later boards leading to an overall decrease in the average yield obtained.
Mter the pieces are packed on the board, the Path Planning algorithm determines the path the Iaser will follow in cutting the pieces from the board. This path can be calculated based on several algorithms to get the desired results. For example, a globally optimal path (based on total cutting time) could be calculated if sufficient time is available, a locally optimal path could be calculated resulting in slightly Ionger cutting times hut significantly less calculation time, or a path might be calculated which minimizes shaking of cut pieces while still attempting to minimize the amount of cutting time.
The board in Figure 6 is shown in Figure 5 packed with cuttings. The dashed lines represent the tramming of the laser between cuts. The ALPS parts packing and path planning algorithms have been reported in a great amount of detail in [6] and the reader is referred to them for exact implementation details.
CUTTING SYSTEM
The Cutting System allows the cuttings placed on a board to be recovered in a 'punch-cut' fashion. Tothis end, two opposing, high power, carbon dioxide lasers are used. The lasers are moved vertically and the board is moved horizontally according to the calculated cutting path until all pieces have been cut from the board. Figure 7 shows the ALPS laser cutting system in operation. 
OUTFEED CONVEYOR
Once the pieces are cut from the board, the board is fed onto the outfeed conveyor using rollers which clamp the board and cut pieces in a vertical position. When the board arrives on the outfeed conveyor, it is placed in a horizontal position and the pieces are removed and sorted as required by the manufacturer. Figure 8 shows the cut board on the outfeed conveyor.
CONCLUSIONS AND RESULTS
The ALPS industrial prototype has been completely integrated and built. After extensive testing, an average throughput of 200 inches/minute of boards processed was achieved. Through algorithmic improvements (no hardware modification required), this throughput should easily rise to 300 inches/minute. In addition, through the use of higher power Iasers, this throughput can be dramatically improved. The average minimum yield improvement was in the area of a 15% increase over traditional methods. Once again, through algorithmic enhancements, the average minimum yield increase should be in the range of approximately 30%.
In conclusion, ALPS has been shown to be an effective alternative to traditional methods of I umher processing in an industrial environment. In addition, further research into packing algorithms, path planning algorithms, lumber image analysis techniques and Iaser cutting techniques will make ALPS even more attractive to the lumber processing industry. 
